Aromatic compounds are found among the cellular constituents of all organisms, and an understanding of the general mechanisms involved in their metabolism would be of great interest from the standpoint of comparative biochemistry. For research on the degradation of the benzene ring, bacteria appear at present to offer the most promising experimental material, since many of them are endowed with the ability to bring about a far-reaching oxidative attack on compounds of this class. This fact was first established by Wagner (1914), who found that such substances as phenol, cresol, phloroglucinol, and toluene can serve as sources of carbon and energy for soil bacteria. A number of subsequent investigators, notably Gray and Thormton (1928), have extended the list of simple aromatic compounds attacked and determined the nature of the microflora involved. It is now evident that many bacteria belonging to such diverse groups as the pseudomonads, aerobic sporeformers, mycobacteria, and actinomycetes can decompose and grow at the expense of aromatic compounds, provided that the initial substrate concentration is kept low to avoid toxic effects. In all cases so far known the attack is aerobic and strictly oxidative.
must be a direct relationship between the oxidation of these four compounds and postulated the following scheme: K ! I C H 2 0 H -0COOH 01OH tH OH OH
The only subsequent study on the dissimilation of aromatic compounds by bacteria was made by Bernheim (1940 Bernheim ( , 1941 Bernheim ( , 1942 , who used manometric techniques to investigate the decomposition of benzoic acid and related substances by Mycobacterium spp. He concluded that benzoic acid is decomposed via one or another of the monohydroxybenzoic acids, but the evidence adduced in support of this contention is not convincing. The most interesting point brought out by his experiments is the extent of oxidative assimilation that accompanies these degradations. With a saprophytic mycobacterium, only four moles of carbon dioxide were formed per mole of benzoate oxidized, and since no organic end products of the oxidation were found outside the cells, it can be assumed that the three missing carbon atoms have been assimilated. Bernheim's data indicate further that the attack on aromatic compounds by mycobacteria is an adaptive one, although he himself did not draw this conclusion.
In view of the very scanty information at present available, it has seemed worth while to launch a fresh attack on the whole problem. As biological material, strains of the Pseudomonas fluorescens group have been used; this choice was dictated by den Dooren de Jong's demonstration (1926) that a number of simple aromatic compounds are included in the wide range of ternary substances that can serve as sole sources of carbon and energy for the growth of fluorescent pseudomonads, as well as by the ease with which these organisms can be handled.
A few strains were obtained from other laboratories, and these were supplemented by a considerable number of fresh isolates from soil. The present paper comprises a summary of the preliminary results obtained.
MATERIALS AND METHODS
For growth experiments, 22 strains of fluorescent pseudomonads were used. Three of these were identified as Pseudomonas pyocyanea, one as Pseudomonas chlororaphis, and the remainder as members of the P. fluorescens species group, i.e., fluorescents producing no accessory pigments.
The ability to utilize aromatic compounds and related substances was determined in the first instance by growth experiments carried out according to the method of den Dooren de Jong (1926) . A series of media were prepared con-sisting of a mineral agar base (agar 2.0 per cent, NHINOs 0.1 per cent, K2HPO4 0.1 per cent, MgSO4 0.05 per cent, pH 7.0 to 7.2) supplemented with the substances under test, a single specific organic compound being the sole added source of carbon and energy in each medium. A mineral agar medium with no added carbon source was included in the series as a control, since the impurities in agar itself permit a minimal amount of growth. Plates of these media were streaked with all 22 strains and incubated at 30 C, growth being recorded after 24, 48, and 72 hours. By comparing the development on plates containing added carbon compounds with that on the control plate, it is easy to determine whether or not utilization has occurred. The usual concentration of the organic compounds tested was 0.01 M, which is quite sufficient to yield good growth if utilization occurs; some of the more toxic compounds (e.g., phenol) were also used at a concentration of 0.005 M. Whenever most strains failed to develop on a given compound, the possibility that this was caused by toxicity was checked by incorporating the compound at the same concentration in yeast agar and determining whether or not the organisms were inhibited in their development on this medium. No The ability to attack these substances may be coincidental, and by no means necessarily implies a sequential relationship. The general form of the hypoth- A second method of studying the pathways of aromatic decompositions, namely, by the analysis of adaptive behavior, was discovered during the course of this work and has already been described (Stanier, 1947) . The combined use of both approaches has proved most valuable, and the inferences drawn from growth experiments have checked precisely with those drawn from experiments on adaptation.
RESULTS
The utilization of benzoic acid and its derivatives. As can be seen from (1942) in the case of mycobacteria. However, the behavior of strain A.3.19, which has the biochemical pattern benzoate +, p-hydroxybenzoate -, indicates that this is not so, and the same conclusion can be drawn from experiments previously reported (Stanier, 1947) on adaptation to the two compounds by strains that attack them both.
The very marked biological influence of positional substitution in the benzoate ring is illustrated by the results with the ortho-and meta-hydroxybenzoates, which are attacked immediately by only one strain. A second strain (A.3.27 ) is capable of producing mutants after 5 to 7 days that will grow on the meta-hydroxy compound. The behavior of the strains tested with respect to the ortho-and meta-hydroxybenzoates shows that they too cannot be considered as intermediates in benzoate oxidation.
The introduction of a second carboxyl group into the benzoic acid molecule, irrespective of its position (o-, m-, and p-phthalate) makes it almost completely unattackable. Two strains can develop feebly on m-phthalate, but none can attack the ortho and para compounds. A similar result follows the introduction of a methyl group (o-, m-, and p-toluate of this change has not been further investigated. In the hope of finding parasubstituted benzoates other than the p-hydroxy compound that were generally attackable, p-methoxy-and p-aminobenzoate were also tested, but without effect.
The oxidizability of several substituted benzoates that were not used as substrates for growth was subsequently tested manometrically, but with negative results; the oxygen uptake by strain A.3.8 in the presence of o-and m-hydroxybenzoate, o-phthalate, p-methoxybenzoate, and p-aminobenzoate remains more or less at the autorespiratory level.
The utilization of other aromatic compounds. Among the other aromatic compounds tested, benzaldehyde, benzyl alcohol, phenylacetate, and p-hydroxyphenylacetate proved to be good substrates for the development of many strains. A few strains could also grow at the expense of mandelate, cinnamate, ,8-phenylpropionate, and phenol. The data on these compounds are given in table 2. The aromatic hydrocarbons, benzene, toluene, and xylene, were not attacked by any strains.
The adaptive nature of the attack on aromatic compounds. If a strain of P. fluorescens, after growth on yeast extract agar, is tested manometrically for oxygen uptake in the presence of aromatic substances that it can use as substrates for growth, there is invariably a marked time lag after substrate addition before oxygen consumption in excess of autorespiration becomes perceptible. Furthermore, the oxygen consumption in the presence of substrate, once initiated, does not proceed at a constant rate, but increases exponentially for some time until it reaches a fixed maximum, which is then maintained to the point of substrate exhaustion, this point being evidenced by. a sharp break to the autorespiratory rate. A typical example of this behavior is shown in figure 1, pounds. This point has already been discussed in a previous paper (Stanier, 1947) would result in simultaneous adaptation to at least one of the two compounds containing one of these substituent groups. This is not the case, as shown in figure 2 ; whereas p-hydroxybenzoate is attacked immediately at a steady rate by cells grown in its presence, benzoate and phenol are attacked by the same cell suspension only after a typical adaptive lag. This is the most'clear-cut instance of adaptive specificity yet encountered and lends powerful support to the contention that complete, simultaneous adaptation is always a reflection of membership in a common metabolic pathway. Oxidative reactions proceeding through benzoate. There are three substances related to benzoate-mandelate, benzyl alcohol, and benzaldehyde-whose patterns of utilization, as shown in (Stanier, 1947) So far, no other reaction chains can be formulated for the oxidations of aromatic compounds by fluorescent pseudomonads. The evidence from growth experiments, summarized in tables 1 and 2, shows very clearly that certain chemically plausible sequences do not, in fact, occur. Thus phenylacetate cannot be oxidized either via the mandelate-benzoate reaction chain or via p-hydroxyphenylacetate, since there are a number of strains capable of growing with phenylacetate that cannot develop at the expense of these possible intermediates. The nonoccurrence of the mandelate-benzoate chain in phenylacetate oxidation can also be inferred from experiments on simultaneous adaptation.
Other compounds attacked by some strains whose utilization appears uncorrelated are phenol, p-hydroxybenzoate, and cinnamate and ,-phenylpropionate. It thus appears that there are a; considerable number of distinct primary oxidations of aromatic compounds that can be effected by fluorescent pseudomonads. It is, of course, possible that all these primary oxidations merge at some point in a common pathway, but until more is known about the attack on the benzene nucleus itself, this point will remain obscure.
Oxidation of the stereoisomers ofmandelate. It was mentioned in an earlier paper (Stanier, 1947) From this it follows that if both isomers of mandelate are attacked, the total oxygen uptake per mole of dl-mandelate supplied will be greater by one mole than the total oxygen uptake per mole of benzoate, whereas if only one isomer is attackable it will be a little over half as great. The data from several experiments, summarized in table 3, show that within the limits of experimental error the total oxygen uptake with dl-mandelate is always greater by one mole per mole than the total oxygen uptake with an equivalent molarity of benzoate.
Therefore both isomers must be attacked.
If the two isomers were attacked at different rates, the oxygen uptake with The ring might be opened by oxidative rupture, without prior saturation of the double bonds, to yield an aliphatic unsaturated compound with a cis-cis configuration and, probably, terminal carboxyl groups. The work of JaNff (1909) showed that in the animal organism muconic acid can be recovered after the injection of benzene, providing a certain biochemical precedent for the con- sideration of this possibility. However, subsequent investigations (Drummond and Finar, 1938) have shown that the muconic acid produced in the animal organism is the trans-trans form, rather than the cis-cis form that might be expected to result from a direct oxidation of the benzene molecule:
(t (8\COOH COOH and hence there is considerable uncertainty about its origin and relation to benzene oxidation. On more general grounds, however, an oxidative rupture of the type pictured above appears unlikely, since it presumably involves a direct dehydrogenation of the benzene ring, which is hard to envisage. A much more attractive concept is the possibility that oxidative attack on the ring may be preceded by a partial or complete saturation of the double bonds by water addition, a process that would at once destroy the resonance to which the benzene ring owes its stability and allow dehydrogenations to occur. If this represents the first stage of attack on the ring, it should result in the production of hydroxy derivatives of cyclohexanol, or of compounds with a r-ing structure intermediate between cyclohexanol and benzene. There is a certain amount of indirect evidence that suggests the possibility of transformations along these lines in living organisms. Hydroxy derivatives of the cyclohexane series (quercitol, inositol), some of them containing carboxyl groups (quinic, shikimic, and sedanonic acids), are known to be widely distributed among plants. Furthermore, some of them (e.g., shikimic and sedanonic acids) have a double bond between two of the carbon atoms in the ring, thus being transitional chemically to the aromatic group. Hall (1937) and Dangschat and Fischer (1938) Insofar as the oxidation of benzoic and p-hydroxybenzoic acid is concerned, it is the hydroxycyclohexanecarboxylic acids, such gs quinic and shikimic, that must be considered as possible intermediates. A comparison of the formulae for p-hydroxybenzoic, quinc, and shikimic acids shows the very close relatiQnship that exists between them; theoretically p-hydroxybenzoic acid could be transformed into shikimic or quinic acid by the addition of two or three water molecules respectively, as is shown in figure 4 . A decomposition of benzoic acid along much the same pathway is also possible and would involve only one dehydrogenation following water addition, an assumption that is compatible with the finding that it is not decomposed via p-hydroxybenzoic acid. There is another reason for considering a decomposition of aromatic acids through hydroxycyclohexanecarboxylic acids as a very attractive possibility. It is known that quinic nd hikimic acids can be oxidized by chemical means to citric and trans-aconitic acids, respectively, through rupture of the ring between the third and fifth carbon atoms and the elimination of carbon dioxide Dangschat, 1934, 1935 in the oxidation of these compounds was then completely eliminatqd by adaptation experiments, using strain A.3.8, which can attack phenylacetate, benzoate, p-hydroxybenzoate, and quinate. In spite of their negative outcome, these experiments are perhaps worth recording as an illustration of the usefulness of the adaptive technique.
The oxidation of quinate by strain A.3.8 is adaptive, but adaptation occurs with much greater rapidity than in the case of aromatic compounds. During the first 10 minutes after substrate addition to cells grown on yeast extract there is an oxygen uptake appreciably greater than the autorespiration, and the steady maximum rate is very quickly attained. The relative rate of adaptation to benzoate and to quinate is shown in figure 5 . It might almost be thought that 
